ABSTRACT
INTRODUCTION
The desire to integrate electronics into everyday products drives the need for flexible electronic devices in a broad range of applications, such as wearables [1, 2] and IoT products [3] . As the sensing and computing needs for these types of applications become more complex, the flexible devices that get integrated into these products need to become more sophisticated [4] , often requiring high-performance integrated circuits (ICs) for components like logic and radio communication. Flexible electronics are often manufactured using materials and fabrication methods that are inherently flexible, like oxide-based [5] or organic thin-film transistors fabricated on polymer substrates [6] .
However, due to the instability of the polymer substrates and their incompatibility with high temperature processing, the electronics fabricated on polymer substrates are often of significantly lower quality than electronics fabricated using conventional CMOS processes. One alternative approach is to incorporate the rigid, high-performance, silicon-based ICs manufactured using traditional CMOS processes onto flexible substrates as small, discrete chips [7] . However, this approach suffers from difficulties with integrating silicon chips onto polymer substrates and reduces the overall flexibility of the electronic devices produced [3] . Thin-film, single-crystal silicon offers the potential to overcome both issues, since it is extremely flexible and CMOS compatible [3] . Therefore, thin-film, single-crystal silicon is an ideal material for the fabrication of large-area, high-performance flexible electronic devices.
There are several methods that have been used to fabricate thin-film, single crystal silicon, including chemical mechanical polishing (CMP) [8, 9] and ion-beam implantation, [10, 11] but these approaches have disadvantages. For example, CMP requires that the entire backside of the wafer be ground down, which is a slow and expensive process, while ion-beam implantation does not allow for a device to be prefabricated on the bulk substrate before becoming a thin-film. Another promising technique for creating thin-film single crystal silicon that leverages existing CMOS infrastructure is exfoliation (also referred to as "kerfless-wafering" or "spalling"). In this process, the top layer of a silicon wafer is mechanically removed by brittle fracture, including any devices contained in that layer. The fracture is driven by a tensile layer placed on top of the bulk substrate that creates a stress concentration just below the surface. Once the stress intensity reaches the fracture toughness of the material, the crack will propagate. A similar phenomenon occurs as a mode of failure in other applications, where dissimilar coatings coupled with thermal stresses cause the substrate to fracture [12] . The stress intensity can be increased by raising the stress in the tensile layer or by applying an external load.
Several methods of exfoliation have been developed, each with a different method of creating the tensile stress and applying the final load. In 1986, Tanielian et al.
[13] first mentioned exfoliation as means to produce thin-film single crystal silicon in a patent, but neither commercial results nor discussion in literature can be found. The patent describes a process that only uses thermal stresses in the tensile film to propagate the crack and does not implement any kind of control. A similar method was demonstrated by Dross et al. [14] using printed metal pastes which are thermally treated so that as the wafer cooled, the stress in the tensile film would increase until induce stress. Eventually, a fracture would spontaneously initiate and abruptly release all the stored energy. The results of such methods have been reproduced and are shown in Figure 1 .
As might be expected, when the large amount of energy stored in the system is suddenly released, multiple branching crack fronts are created. The resulting film is rough and non-uniform and may be damaged. The crystal anisotropy of the silicon also presents a challenge here because it creates preferential crack planes and directions.
These effects can be seen in Figure 1 where the crack began spontaneously around the perimeter of the (100) wafer, but propagated along the preferred the <100> directions (top, bottom, left, and right edges in the image). These crack fronts also appear to collide, which creates a rougher surface finish at those intersection points. These results highlight the value in controlling the amount of energy the crack receives, as well as constraining the direction of propagation. Methods using directed thermal energy to control the crack propagation reduce the roughness [25, 26] , but further control and better surface finish are desired for high-performance IC applications.
Wedge Tool
An exfoliation method and process for creating cost-effective solar cells was developed at the University of Texas, Austin by AstroWatt Inc. and Applied Novel Devices Inc. [15] [16] [17] . This method uses a nickel tensile layer electroplated on top of an electron beam evaporated nickel seed layer with a titanium adhesion layer. The assembly is then heat-treated at a relatively low temperature which causes the microstructure of the electroplated nickel layer to change and produces a residual wafer is placed on the chuck with the preferred orientation facing forward. In many situations, the wafer is too bowed due to the residual stress in the nickel layer to seal to the vacuum chuck, and it must be placed on a carrier wafer using a paraffin wax. The crack is then initiated manually by slightly lifting the edge of nickel. The conveyor belt then drives the wafer towards the wedge splitting mechanism, demonstrated in Figure   2 .
In this mechanism, the wedge does not "cut" the silicon, since the tip of the wedge is not actually near the crack front. Instead, it propagates the crack by applying a prying load between the two surfaces, thus increasing the stress around the crack tip.
This method improved the quality of the films. However, surface roughness and film thickness control are still problems due to friction and stick/slip conditions created by the wedge as well as dynamic motion in the exfoliated film behind the crack since this method only applies a displacement condition to the film and does not constrain the force at all.
Adhesive Tape Handle Layer
A similar process has been developed at IBM by D. Shahjerdi and S. Bedell [18] [19] [20] [21] [22] that uses an adhesive tape handle layer, as opposed to a wedge tool, to propagate a crack through the silicon wafer. This method also uses a nickel tensile layer, but DC magnetron sputtering, rather than electroplating, is used to deposit the layer.
Sputtering has the advantages of being able to produce a more uniform and consistent layer and has the ability to embed stress in the nickel layer during the deposition process without the need for a subsequent thermal process, but it is more costly and time-consuming compared to electroplating. In this method of exfoliation, no tool is used to perform the exfoliation. Instead, a handle layer of adhesive polyamide tape is placed on top of the nickel and simply peeled up by hand. Testing of this method showed improved smoothness compared to the wedge tool, but variations in the peeling motion could be observed as inconsistencies and ridges in the exfoliated surface. Maintaining a constant hand motion is difficult due to uncertainty in the required load necessary to propagate the crack. Ambiguity in the crack propagation direction is also present, because the load is being applied through an unconstrained compliant film across a relatively large distance which allows the crack to wander. The new tool incorporates the handle layer as an effective method of transferring energy to the crack tip.
PROTOTYPE TOOL DESIGN
The design of the exfoliation tool presented in this paper combines elements of each of the methods described in the previous section while introducing a new concept that can improve the overall quality of the exfoliated films. Mathew and Rao's solution controlled the direction of exfoliation and provided a controlled feed-rate, but the sliding wedge added noise to the crack front and roughness to the resulting films. Bedell and Shahrjerdi's solution partially controlled both the exfoliation rate and direction, highlighting that applying loads through the handle layer was a viable option. The proposed controlled peeling concept presented in this paper combines the controlled feed-rate and handle film methods to repeatably add the minimum required energy to the crack while also steering it.
Controlled Peeling Concept
The controlled peeling concept uses two rollers to control the angle and tension in the handle film, as seen in Figure 3 . The handle film is fixed to ground at one end and to the tensile layer at the other. Then the rollers are brought across the wafer using a linear actuator. This enables the tool to control the rate at which energy is added to the crack and constrains the film behind the crack. The tension in the handle layer and the height and orientation of the rollers can be adjusted to alter the loads applied to the tensile layer and the crack tip.
Peeling Model
To better understand the ideal load for the tool to apply, a 2D fracture mechanics model was created. Previous work in the field of thin-film interfacial fracture mechanics indicates that a stable crack path in the substrate is formed parallel to the wafer surface when the shear mode stress intensity, KII, is equal to zero, and the opening mode stress intensity, KI, is equal to a critical value, KIc [12] and that there is a characteristic crack depth for any given elastic system. The 2D fracture mechanics model is defined by the material properties of the Si and Ni, the crack length, the film thickness, and the film stress. Analytical solutions from [27, 28] suggest that changing the applied load can skew the mode mix ratio and, therefore, the characteristic crack
depth. An analytical solution to the loading conditions created by the new tool was not feasible, so a parametric FEA model was created using ANSYS Fracture Tools that can be run iteratively to solve for the characteristic crack depth. A Kriging metamodel with increased accuracy around the solution was produced using adaptive sampling to vary the inputs. The metamodel allows the thickness of the silicon film to be predicted for a
given set of inputs and helps inform the design of the tool by highlighting sensitivities.
For example, analyzing the solutions revealed that the handle tension was a more effective input when the nickel stress and thickness were low. Details of the model and its results can be found in [29] . In Section 5, the results of the metamodel will be shown to help evaluate exfoliation results produced by the new controlled peeling tool.
Prototype Tool Architecture and Hardware
The prototype peeling tool was designed to be a cost-effective and modular method of quickly validating the controlled peeling concept. A layout of the tool in CAD is shown in Figure 4 . The tool is constructed mainly from 1 inch (2.54 cm) aluminum t- The handle film used for the exfoliation is clamped to the load cell and runs through the rollers as seen in Figures 5 and 6 . The end of the handle film is attached to top of the wafer with a piece of adhesive tape. The tension in the handle film can be adjusted by placing weights on it. A rubber sheet can be added between the rollers and the wafer to help damp vibrations. The wafer is adhered to a rigid glass plate with a double-sided adhesive polyamide film, which is then secured in place with a vacuum chuck. The glass plate helps define the stress state and is necessary for wafers that are too bowed to be held by the vacuum chuck.
EXPERIMENTAL PROCEDURE
Sample preparation begins with 100 mm (100) silicon wafers which were cleaned and coated with a vapor deposited a 30 nm thick titanium adhesion layer and nickel seed layer. The wafers were then electroplated in a sulfamate bath to create the 10-35 μm nickel tensile layer. The tensile film properties are controlled primarily by the plating time and current density which ranged from 30-60 min and 15-25 mA/cm2, respectively.
Silicon exhibits its lowest fracture toughness in the {111} planes [30] and early tests exfoliating along this plane showed improved roughness. However, all testing was done with (100) wafers exfoliated in the <100> direction because they are cheaper and more common in device fabrication. After nickel plating, the perimeter of the wafer is trimmed using a laser cutter to remove the thick edges produced by the non-uniformity
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of the electroplating process. The wafer is then heat-treated in an oven at 200-250 °C for 30 minutes. This treatment changes the microstructure of the nickel and the silicon substrate constrains the expansion of the nickel during this restructuring so that a residual tensile stress is induced in the nickel once it cools. At this point, the wafer is bowed from the residual nickel stress, so it is fixed to a rigid glass slide using doublesided polyimide tape to provide a flat surface which can be fixed to the exfoliation tool's vacuum chuck. The roller height can then be set using shims on top of the wafer. Once the wafer and rollers are in place, the handle layer is attached with adhesive tape to the front edge of the wafer and the tension is set and monitored with the load cell. To exfoliate the wafer, the carriage and rollers are moved across the wafer at a speed of approximately 8 mm/min.
RESULTS AND DISCUSSION
The new tool was tested on approximately 50 wafers to tune its parameters.
Overall, the exfoliated films produced using this new tool show great surface finish and flexibility with a typical average surface roughness, Sa, of about 75 nm and a bend radius of less than 6 mm. The minimum bend radius has yet to be fully characterized and is highly dependent on the film thickness and substrate properties. An example wafer is shown in Figure 7a with a silicon film thickness of approximately 20 μm. Figure 7b shows a sample wrapped around a marker with a 6 mm radius. Figure 7c shows a thickness map of a silicon film, where the red lines are measured thickness data and the surface is a basic interpolation between these measurements to aid visualization of the topology of the exfoliated thin film. The thickness metrology was done using a combination of dual KEYENCE LK-H207K laser displacement sensors and LEXT OLS4100 confocal microscope profile scans before nickel plating, after nickel plating, and after exfoliation.
A modified Stoney's equation for silicon wafers [31] was used with the metrology data to calculate the tensile stress in the film. Details of the metrology process are described in [32] . The higher measured thickness around the edges of the sample is due to the electroplated nickel being thicker at the edges of the wafer due to non-uniformities in the nickel plating process. The nickel thickness and stress are the dominant control inputs for the crack depth, but crack depth can also be controlled by adjusting the tension in the handle film.
Reducing the roughness of the silicon film is desirable because it improves the conditions for any post processing and indicates a lower likelihood of damage in the silicon. Three samples were prepared using each of the exfoliation methods described in this paper (the wedge tool, tape peeled by hand, and the new controlled peeling tool) to create a roughness comparison between the different processes. Each sample was measured in 10 random locations using a Wyko NT 9100 optical profilometer and the compiled results are shown in Table 1 .
Sample images from films produced using each method are shown in Figure 8 .
The wedge tool sample shows the highest average (Sa) and peak roughness (Sz) with low deviation. This indicates consistent large peaks in the surface which are also visible in the both interferometer image and photograph in Figure 8 . The consistent peaks can be explained by a combination of the constant feed rate and the crack starting and stopping during the exfoliation process. As the wedge moves forward, the crack is pried open until the stress intensity is high enough to cause the crack to advance, releasing the energy and restarting the process. The lack of a constraint on the foil behind the crack likely increases this effect. The interferometer image also appears to show increased roughness between the peaks compared to the other samples which may be due to friction and noise caused the silicon film slipping across the surface the wedge.
The sample peeled by hand shows improved average roughness, but still has high peak roughness and high deviation, indicating infrequent but large peaks which are again visible in Figure 8 . The start/stop effect of the wedge tool may also explain the inconsistent peaks in the hand-peeled sample, where imperfect hand motion causes the crack to stop and start, as well as energy being stored and released by the foil behind the crack. The controlled peeling tool solves these problems by maintaining a constant feed rate and exfoliation load while also maintaining a constant displacement of the foil behind the crack. As a result, it shows the lowest average and peak roughness and a low deviation, and both images show a smooth surface.
The controlled peeling tool demonstrates significant improvements in roughness, but thickness control is still required to consistently deliver usable devices.
This control is achieved by using the metamodel described in Section 3.2 and [29] to first target a specific nickel thickness and nickel stress and then vary the tension in the handle layer to compensate for any errors in the nickel layer thickness/stress caused by the electroplating process. Figure 9 shows the profile of sample with a controlled step change in handle tension and compares the predicted silicon film thickness with the measured thickness on the left axis. The right axis gives the loading in the form of the handle tension, nickel thickness, and nickel stress. The prediction uncertainty area is calculated by propagating metrology uncertainties through the metamodel and represents one standard deviation. The prediction appears to follow the measured silicon thickness trends over the nickel thickness and stress well, but slightly overestimates the effect of the handle tension. For the 30 N step change in handle tension shown, the metamodel predicted a 6 μm exfoliated film thickness while the actual change was closer 5 μm. This error may be caused by friction in the roller system that has not been accounted for in the metamodel. There is also non-uniformity in the measured crack depth profile that is uncorrelated to the nickel thickness, stress, and handle tension measurement profiles and may be caused by imperfections in the rollers and the tool's linear motion. However, this result demonstrates our tool's capability for controlling the silicon film thickness. Figure 10 demonstrates the controlled peeling tool's ability to target and create very thin films showing a sample with an average measured thickness of 5.5 μm. The small peaks measured in the handle tension are due to instabilities in the film tensioning system of the prototype. The low film thickness is achieved by using the metamodel to tune the nickel thickness and nickel stress to target a thinner film and then increasing the handle tension to reach a minimum thickness. If the nickel thickness and nickel stress are used alone to control the film thickness, the variability in the electroplating process could send the crack irrecoverably towards the Si/Ni interface and cause a delamination of the nickel from the wafer. Therefore, using the handle tension as a fine control provides a more reliable method to consistently create very thin exfoliated films.
CONCLUSION
This paper introduced and successfully demonstrated a prototype tool design and process for creating thin-film silicon. The new tool shows improved roughness performance and better thickness control over previous methods of exfoliation. These improvements allow thinner silicon films to be created, which improves the flexibility of the finished thin-film devices. Together with the metamodel presented in [29] , this controlled exfoliation tool creates the foundation for scalable fabrication of large-area single crystal silicon flexible devices. Options for future improvements include enhancing the crack steering control by actively controlling the tension on the handle film using a force feedback control system, improving the precision adjustment for height of the rollers using laser displacement feedback, and minimizing the noise and Example wafer measurement and prediction profile demonstrating crack depth control with step change. 
